Spray drying is a removal of moisture from liquid feed by breaking into droplets in a hot medium to convert into powder form. In order to ensure the product quality is at the desired specification, a good control system and good understanding on the dynamic behavior should be considered. The aims of this study are to develop empirical model of spray drying process and improve the process by implementation of PI controller. A nozzle atomizer spray dryer, Lab-Plant SD 05 Laboratory Scale Spray Dryer was used. The liquid feed was Sunquick Concentrated Orange Juice and DE 10-15 maltodextrin as the drying agent. The effects of inlet air temperature and maltodextrin concentration on final moisture content and outlet air temperature were investigated. From investigation, the effect of inlet air temperature on moisture content and outlet air temperature was greater than maltodextrin concentration. Thus, inlet air temperature was selected as manipulated variable. For modeling, the model obtained can be represented as first order process with time delay (FOPTD). In order to improve the process, the model obtained was used in simulation studies to determine the suitable tuning method by PI controller. The PI controllers were tuned by direct synthesis, min IAE method and Cohen-coon. From the observation, direct synthesis method is the most suitable tuning method for PI controller in spray drying process.
INTRODUCTION
Orange juice powder is the dehydrated orange juice and contains all nutrients except water. Spray drying can be used to convert orange juice into powder that has good quality product resembling the original juice as close as possible. Thus, these powders have longer shelf life and convenient to reconstitute with water [1] . They are natural ingredients used in many food products with role of flavoring and coloring agents. Orange juice powder is a high sugar content product which is generally difficult to spray dry due to its hygoscopicity and thermoplasticity [2] [3] [4] [5] . In order to achieve a successful drying, high molecular weight drying agent materials such as maltodextrin has been added for preventing powder stickiness and cohesion on the spray dryer wall [4, 6] . Spray dried products are manufactured to moisture content standard. Thus, a good spray drying control system is to produce a product with standard moisture content. Thus, the study about effect of operating parameters on product quality is important because the quality of spray dried products mostly depends on the operating parameters [7] . Inlet air temperature, nozzle flow rate, feed flow rate, air flow rate and feed concentration are these parameters had been investigated [8] [9] . Dynamic models are the key and design of process control. Empirical modeling is a graphical method and derived from the experimental data by applying step response with introduce a small change in the manipulated variable. An empirical model predicts the controlled variable response to manipulated variables as a function of time. However, questions arise such as how is the dynamic behaviour of spray drying of orange juice powder with maltodextrin? What is the effect of maltodextrin concentration on this spray drying process? The aims of this work are to develop an empirical model for spray drying of orange juice powder and then implement a PI controller to improve the process. This empirical model should be developed because no any related model has been proposed in the literatures. A preliminary study on the effect between the input variables (inlet air temperature 978-1-4577-0005-7/11/$26.00 ©2011 IEEE and maltodextrin concentration) and the output variables (outlet air temperature, outlet air humidity and relative humidity, and powder moisture content) was conducted. In simulation studies, the model obtained was used to determine the suitable tuning method by PI controller.
MATERIALS AND METHODS

Raw Material
Sunquick orange juice concentrate manufactured by Barkath Co-Ro Manufacturing Sdn. Bhd., Malaysia was purchased. Its basic composition is given in Table 1 . The drying agent used was DE 12-15 maltodextrin (6% moisture) from Epic Chemicals Sdn. Bhd, Malaysia. An aqueous solution with 30 °Brix was prepared by dispensing maltodextrin in warm water (about 50°C) with constant stirring [1] . The solution was added to sample to provide 7%, 14% and 21% maltodextrin content on wet basis. Table 1 . Orange juice concentrate composition 2.2 Spray Drying Spray drying was performed using a nozzle atomizer spray dryer (Lab-Plant SD 05 Laboratory Scale Spray Dryer manufactured by L.P. Technology LTD, Huddersfield, U.K) with cocurrent flow regime. During spray drying, feed flow rate, air flow rate and atomizing gas pressure were kept constant at 360 mL/h, 62 m 3 /h and 2.2 bar. Several runs were conducted in triplicate. In order to investigate the effect of inlet air temperature, the feed with 21% maltodextrin was fed into spray dryer at different inlet air temperature of 130, 140 and 150°C. To investigate the effect of the maltodextrin concentration, the feed with 7%, 14% and 21% maltodextrin were spray dried at a constant inlet air temperature. Constant inlet air temperature is a temperature which can produce powder contains less than 4% moisture [10] . Outlet air temperature continuously recorded while outlet air relative humidity and humidity were calculated by using CYTSoft Psychrometric Chart Version 2.2. The product moisture content was measured by using Ohaus MB-45 Moisture Analyzer (Ohaus Corporation, Switzerland), at controlled operating temperature, 105°C. The output variable that can be measured easily and strongly affect the product moisture content would be selected as controlled variable. Otherwise, the input variable that has a significant rapid effect on the controlled variable would be selected as manipulated variable.
Empirical Modeling
The sample was fed into spray dryer at the defined manipulated variable for 10 minutes where the operating conditions were kept constant. Then, a step change of the manipulated variable was applied. Outlet air temperature was recorded continuously until it reached steady state. The experiments were carried out in three replications and the data was plotted by using MATLAB software. The obtained model needs to undergo diagnostic evaluation and model verification.
Simulation Studies
The control strategy involved PI controller and tuned by direct synthesis, minimum IAE and Cohen-Coon [11] . Simulation studies were done to evaluate the performance of PI controllers with different tuning methods. The performances were analyzed by using the overshoot, rise time and settling time (based on time required to reach ±5% of the set point). Figures 1 and 2 present the spray drying output variables at different inlet air temperatures. High inlet air temperature led to high outlet air temperature and humidity, while outlet air relative humidity and powder moisture were lower. Tan et al. [12] , working with spray drying of whole milk powder also verified this finding with increasing air temperatures. When inlet air with high temperature was contacted with liquid feed, it led to greater efficiency of heat and mass transfer, and hence the greater the evaporation rate to evaporate moisture from the droplets. High temperature of inlet air was reduced became outlet air temperature. Therefore, outlet air humidity increased and relative humidity decreased. Thus, the powders with lower moisture content were produced. This was in agreement with the results observed by few researchers [8] [9] [13] [14] [15] [16] . High inlet air temperature is not suggested to be used in spray drying of sticky products. It is because the powder tends to melt and form a glassy film and cohered on the dryer wall and cyclone. Inlet air temperature of 140°C was chosen to investigate the effect of maltodextrin concentration because the desired moisture content was obtained.
RESULTS AND DISCUSSION
Effect of Inlet Air Temperature
Effect of Maltodextrin Concentration
The effect of maltodextrin concentration on output variables should be determined because the physical properties of juice powder could be altered if the concentration exceeds the operating limits [17] . Figures 3 and 4 content. It was probably due to the reduction of solid/water ratio and increased amount of moisture to be evaporated. Thus, it led to lower outlet air temperature; higher outlet air humidity and relative humidity, and also product moisture. The addition of maltodextrin may lower the drying rate because the moisture is difficult to diffuse in larger maltodextrin [4] . Among the output variables, outlet air temperature can be continuously measured whereas outlet air relative humidity and humidity were calculated by using CYTSoft Psychrometric Chart Version 2.2. According to Masters [16] and Patel et al. [18] , powder moisture cannot be controlled directly but it is related to outlet air temperature. Thus, outlet air temperature was controlled variable. Inlet air temperature was manipulated variable because it exhibited significant effect on the output variables compared to maltodextrin concentration.
Empirical Process Model Development
An empirical model was developed by using the data of step changes in inlet air temperature. Process reaction curve was generated and founded that the predicted curve was first order plus time delay (FOPTD) process. Figure 5 illustrates a set of the process parameters that was estimated by two point method. The average process gain, K p =0.74, average time constant, τ=0.53 minutes and average time delay, θ=0.1minute. After determining the process parameters, the model need to be evaluated in order to determine how well the model fits the experimental data used for the parameter estimation. The coefficient of determination, R 2 was 0.7837, 0.6209 and 0.6121 respectively whereas correlation coefficient, R was 0.9297, 0.9231 and 0.8805 respectively. The obtained model would be accepted for process control because higher value of R 2 . Positive value of R represents the positive relationship between two data sets. The model obtained must be valid not only for experiment data that used in calculating its parameter, but also for the additional data that are not used in the parameter estimation. For this section, this is done in the verification step. It ensures the outlet air temperature does not widely deviate from the predicted data. The empirical model was accepted because R 2 = 0.6667. In order to test the model validity, a correlation between the experimental and predicted data was plotted. R value was 0.8515 and it represented a positive relationship between these experimental and predicted responses. Therefore, this model was applicable for simulation studies and process control.
Simulation Studies
The simulation studies were done using SIMULINK from MATLAB software. Table 2 shows the values of tuning parameters obtained from direct synthesis, minimum IAE and Cohen-Coon. are shown in Figure 6 . The open loop system is not good to control this process because its output can only reach around 0.7 instead of the set point of 1.0. Therefore, PI controller is applied to improve the response of the process until it reached the set point. Figure 6 illustrates that direct synthesis exhibited underdamped response and no oscillation due to small controller gain, K c and large integral time, τ I .. However, it took the highest rise time to reach the steady state value. Cohen-Coon was too aggressive since it gave a large controller gain, K c and short integral time, τ I . Therefore, it showed the worst performance where the response was oscillatory with high overshoot. Besides, the settling time was the largest but the rise time was shorter than that min IAE. Minimum IAE resulted in overdamped response. The rise time was short and the response with low overshoot compared to Cohen-Coon. For control the spray dryer, direct synthesis tuning method can be considered as the suitable tuning method because there was no overshoot. However, the PI controller tuned by this method took the longest time (around 2 minutes) to achieve the set point value.
CONCLUSIONS
Among the input variables for spray drying process, inlet air temperature was selected as manipulated variable because inlet air temperature gave more significant effect on outlet air temperature and powder moisture rather than maltodextrin concentration. An empirical model of spray drying of orange juice powder was developed based on process reaction curve. These model obtained can be represented as first order plus time delay (FOPTD) model. The model can be used in simulation studies of process control because it was valid model after diagnostic evaluation and verification. Direct synthesis tuning method was suitable to achieve PI controller performances.
